A potential exists for significant water-supply shortages in the Kentucky River basin ( fig. 1 ). About 95 percent of all water withdrawn is from surface-water sources (Sholar and Lee, 1988) , and almost 98 percent of the water withdrawn by permitted water systems is from surface water. The Kentucky River, its tributaries, and reservoirs, supply most of the water to the users in the basin. In 1985, average total surface-water withdrawals in the Kentucky River basin exceeded the flow at the mouth of the Kentucky River about 4 percent of the time based on flow duration tables published by Quinones and others (1980) . The U.S. Army Corps of Engineers (1978) that if the drought of 1930 was repeated, the level of the Kentucky River would fall below the primary water intake for Lexington, the largest city in the basin. Population in the basin is more than 660,000, or about 18 percent of the total population of the State (U.S. Dept. of Commerce, 1986) . Future population and industrial growth in the basin is expected to be greater than in any other basin in the State. These factors, in addition to seasonal variation in precipitation and increased water demands during low-flow conditions, may lead to water shortages in the basin.
Effective water resource planning and management requires information about adequacy of supply. A cooperative study by the U.S. Geological Survey and the Kentucky Natural Resources and Environmental Protection Cabinet (KNREPC), Division of Water, was begun in 1988 to assess the adequacy of water supplies in the Kentucky River basin, especially during drought conditions.
Purpose and Scope
This report describes the results of a study to evaluate the adequacy of the major water supplies in the Kentucky River basin to meet demands in times of drought. The scope is limited to the evaluation of public-water systems and self-supplied industrial and commercial water systems that were permitted by the KNREPC to withdraw at least 10,000 gal/d in the Kentucky River basin during 1988. Future demand is not evaluated in this report.
Data Collection and Presentation
Water-use information for this report was taken from KNREPC, Division of Water files, augmented by mail-inventory of public-water systems, selfsupplied industrial, and commercial water systems and was based on 1988 data. The inventory forms, which were mailed by and returned to KNREPC, Division of Water, contained information about the water systems such as county name, system or industry name, source of water, intake location, and storage capacity. Additional information was requested such as existing or potential problems facing the system and alternate supply sources.
The report includes (1) an explanation of methods used for water-system evaluation; (2) a basin description; and (3) details about the public-water systems and self-supplied industrial and commercial water systems that withdraw at least 10,000 gal/d or purchase 5,000 gal/d.
A map of the basin and major sub-basins by hydrologic unit is provided ( fig. 1 ). Maps showing locations of the water withdrawals and hydrologic data stations are also included (figs. 3-5) . These are shown because information from these hydrologic stations was used to evaluate surface-water withdrawals. Site numbers were assigned to water systems according to magnitude of water withdrawals in the basin.
Physiographic, streamflow, reservoir, precipitation, runoff, and groundwater information is presented because this information is needed to describe the hydrologic characteristics that directly influence the availability of water. Daily streamflow, precipitation, and runoff information was taken from USGS annual reports and from Melcher and Ruhl (1984) . Low-flow partial-record information was obtained from Sullavan (1984) . Sullavan listed data for stream sites at which periodic measurements were made during periods of no storm runoff (base-flow conditions). Low-flow frequencies for these partial record sites were approximated using these periodic measurements and frequency curves from continuous record "index" gaging stations. The average discharge, low-flow, reservoir, and precipitation data for the basin are included in tables 1-4. Information about all major water systems in the basin is included in tables 5-10.
Methods of Evaluating Drought Susceptibility
The availability of water at the point of withdrawal is a major concern, especially during drought periods when withdrawal rates usually increase. Therefore, the Water Resources Branch of the KNREPC, Division of Water developed a program to evaluate water systems. Water systems were evaluated and grouped into three classes of susceptibility to water shortages during drought conditions. Systems were classified by comparing average withdrawal rates to water availability at the point of withdrawal during drought conditions. For those systems with more than one point of withdrawal, withdrawal amounts were combined and only one classification was assigned to the entire system. The drought susceptibility classes are:
A. System unlikely to experience water shortage during drought conditions.
B. System should be examined for susceptibility to water shortage during drought. Plans need to be made for response to possible shortage.
C. System is likely to have water shortage during drought conditions. Plans for response to shortage are necessary.
Water systems that relied solely on uncontrolled (unregulated) streams were classified by comparing average withdrawal rate to the expected minimum discharges which were not exceeded for 7-day periods for 10-year frequencies (7-day, 10-year low-flow conditions). The classes assigned to the unregulated streams are shown in the following chart:
Unregulated streams
Percentage of Drought source used classification <10 A 10-50 B >50 C Water systems that relied on regulated streams were classified with a wide range between classes due to more control over low-flow conditions. A regulated stream was defined as any stream reach in which flow was controlled by releases from upstream reservoirs. Classifications were determined by comparing average daily withdrawal rates to expected 7-day, 10-year low-flow conditions with minimum upstream releases, adjusted for intervening flow. The classes assigned to regulated streams are shown in the following chart:
Regulated streams
Percentage of Drought source used classification <20 A 20-65 B >65 C Water systems that relied on reservoirs were divided into two categories: (1) impounded streams with 7-day, 10-year low flows of zero; and (2) impounded streams with 7-day, 10-year low flows greater than zero. Systems that relied on reservoirs with zero inflow during drought were classified according to number of days of water stored and the size of the watershed in square miles. The number of days of water stored in the reservoir was determined by dividing the total amount of usable storage volume by the average daily withdrawal. The classes determined are shown in the following chart:
Reservoirs without inflow during drought Water systems that relied on reservoirs with inflow during drought were classified by comparing the average withdrawal rates to the number of days of water stored and to inflow at the reservoir during 7-day, 10-year low-flow conditions. The classes are shown in the following chart:
Reservoirs with inflow during drought Percent of source used Classes were determined for ground-water supplies according to historical records of aquifer storage. If data sufficient to classify the sources did not exist, the drought susceptibility class was listed as unknown.
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DESCRIPTION OF THE KENTUCKY RIVER BASIN
The Kentucky River basin is entirely in Kentucky and drains 6,873 square miles (Seaber and others, 1984) which includes all or part of 39 of the State's 120 counties ( fig. 1 ). The Kentucky River originates in the mountainous terrain of southeastern Kentucky and flows northwesterly through the central part of the state to its junction with the Ohio River at Carrollton, Kentucky.
Physiographic Regions
The Kentucky River basin contains parts of the Eastern Coal Field, Knobs, Inner Bluegrass, and Outer Bluegrass physiographic regions ( fig. 2) (Fenneman, 1938) . Each of these regions has distinct underlying geology. The streamflow characteristics and ground-water availability are closely related to the terrain and the underlying geology of each region.
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38'30' The Eastern Coal Field region is in the southeastern part of the basin where the headwaters of the Kentucky River originate. The topography is very rugged and consists of narrow valleys and steep-sided ridges, underlain by sandstones, siltstones, shales, and coals.
The Knobs region forms a narrow crescent-shaped area separating the Eastern Coal Field from the Bluegrass region. The Knobs region is characterized by conical and flat-topped hills, called knobs, which have sandy limestone and sandstone caprock overlying less resistant thin-bedded shales and 1ime s tone s.
The Inner Bluegrass region, in the north-central part of the Kentucky River basin, is characterized by gently rolling upland underlain by thickbedded limestone in which the Kentucky River and some of its tributaries are entrenched more than 350 feet. As a result of the weathering of the limestone an extensive area of karst topography exists in the Inner Bluegrass region. Thus, much of the drainage is underground.
The Outer Bluegrass region is in the northern half of the basin and encircles the Inner Bluegrass region. The Outer Bluegrass region is characterized by gently rolling terrain underlain by thin-bedded limestone with inter-bedded shale. The topography is similar to that of the Inner Bluegrass region except near streams where it is dissected and more rugged. Small sinkholes are common but most of the drainage is on the surface (Kentucky Natural Resources and Environmental Protection Cabinet, 1975) .
Surface-Water Characteristics
The Kentucky River basin consists of the following tributary basins as delineated by the U.S. Geological Survey (Seaber and others, 1984 source: Melcher and Ruhl, 1984. Sites in the Kentucky River basin where low-flow measurements have been made and data correlated with continuous-record index stations to produce low-flow frequency correlations are listed in table 2. Locations of these sites are shown in figures 3-5.
Many artificial lakes and reservoirs in the Kentucky River basin were constructed to help meet water-supply needs and to help protect against floods. Fifteen reservoirs in the basin have a volume greater than 325 Mgal or a surface area greater than 100 acres. Total combined volume of these 15 reservoirs is 93,200 Mgal and the total combined surface area is 6,530 acres (Kentucky Natural Resources and Environmental Protection Cabinet, 1975) .
The three largest reservoirs in the basin are Herrington Lake, Buckhorn Lake, and Carr Fork Lake ( fig. 1 ). Herrington Lake is a privately-owned reservoir with a usable storage volume of 40,100 Mgal. Buckhorn and Carr Fork Lakes are federal impoundments with storage volumes at seasonal pool of 7,100 and 2,100 Mgal, respectively (U.S. Department of Agriculture, 1981) . Reservoirs used for water supply in the basin are listed in table 3.
Precipitation and Runoff
Mean annual precipitation ranges from 44 to 49 in/yr at the continuousrecord streamflow stations in the basin. Average runoff ranges from 16.77 to 25.93 in/yr. Precipitation and runoff data are listed in table 4.
Ground-Water Characteristics
The availability of ground water in the Kentucky River basin is closely related to the geology of underlying rocks. Principal bed-rock aquifers in the basin are the sandstones of Pennsylvanian age and limestones of Ordovician age. A general overview of the water-bearing characteristics and the distribution of the geologic units in the basin are presented in reports by Hall and Palmquist, (1960a,b,c) , Palmquist and Hall, (1960a,b,c) , Kilburn and others, (1962) , and Price and others, (1962) .
Water-bearing rocks of Pennsylvanian age underlie the Eastern Coal Field region and consist of sandstone, siltstone, shale, and coal. The greatest depths of freshwater in the Kentucky River basin are in the Eastern Coal Field region (Hopkins, 1966) . Well depths commonly range from 75 to 200 feet, but may exceed 400 feet. Yields to wells may exceed 200 gal/min but are generally only 1 to 5 gal/min. Ground water is used mainly for domestic and stock supplies, but some wells produce adequate water for small public and industrial supplies. Water is also used for coal washing and for water flooding necessary for secondary recovery of oil (Faust, 1985) .
Water-bearing rocks of Ordovician age underlie the Inner and Outer Bluegrass regions and consist of limestone and shale. Well depths normally range from 50 to 200 feet. Water with high chloride concentrations may be found at depths greater than 200 feet below land surface (Hopkins, 1966) . Ground water is withdrawn mostly for domestic and stock use because yields to wells are usually about 2 to 10 gal/min. However, wells that produce as much as 300 gal/min are reported in the Inner Bluegrass region, and some are adequate for public and industrial supplies (Faust, 1985) .
EVALUATION OF WATER SUPPLIES FOR DROUGHT SUSCEPTIBILITY IN THE KENTUCKY RIVER BASIN
There are 54 permitted public-water suppliers, self-supplied industrial, and commercial water users in the Kentucky River basin (table 5) .
Water withdrawal permits are issued by the Kentucky Division of Water. Of the total amount withdrawn by these facilities, about 98 percent was surface water and about 2 percent was ground water. Table 6 . Drought susceptibility of public-water suppliers in the Kentucky River basin Continued [A, system unlikely to have water shortage during drought conditions; B, system should be examined for susceptibility to water shortage during drought. Plans should be made for response to possible shortage; C, system is likely to have shortage during drought conditions. Plans for response are necessary; *, system has multiple sources of water with one distribution system; systems purchasing water are indented below supplier with amount purchased shown in parentheses] Table 6 . Drought susceptibility of public-water suppliers in the Kentucky River basin Continued [A, system unlikely to have water shortage during drought conditions; B, system should be examined for susceptibility to water shortage during drought. Flans should be made for response to possible shortage; C, system is likely to have shortage during drought conditions. Flans for response are necessary; *, system has multiple sources of water with one distribution system; systems purchasing water are indented below supplier with amount purchased shown in parentheses] to have water-supply shortages during drought conditions. Officials of the Kentucky-American Water Company are pursuing alternatives for increasing their water supply. They are conducting aquatic and downstream-user studies to determine the effect of withdrawing impounded water below the 7-day, 10-year low-flow level. The KNREPC may allow Kentucky-American Water Company access to water below the 7-day, 10-year low-flow level, depending on the outcome of these studies. Several alternatives are being considered for Georgetown Municipal Water, and Stanford Water Works has constructed a second reservoir since 1988. Additionally, nine other public-water supplies in the Kentucky River basin have the potential for water-availability problems during drought situations.
Treatment-Plant Capacity
Treatment-plant capacity is an important consideration when determining if a public water-supply system can meet demands during periods of increased water use. Treatment plant capacities are adequate for most public-supply systems in the Kentucky River basin, but during 1988 the average water withdrawal was near or greater than 80 percent of capacity at the following systems: Danville City Water Works, Hyden-Leslie County Water District, Manchester Municipal Utilities, Owenton Water Works, and Versailles Municipal Water. Plant capacity at Hyden-Leslie County Water District has been increased since 1988. Danville City Water Works, Manchester Municipal Utilities and Owenton Water Works are planning to increase the capacities of their treatment plants. Versailles Municipal Water has emergency water-supply back-up plans with the Kentucky-American Water Company at Lexington.
Water-System Leakage
Leakage in the water-distribution system can create or exacerbate shortages, especially during times of drought. The public-water supplies in the basin were surveyed to determine if they had a leak-detection program. Information about public-supply facilities with a leak-detection program are listed in table 7.
Use of Water Delivered by Permitted-Public Water-Suppliers
The amount of water delivered by category of use is needed for evaluation of drought susceptibility because demand is variable per type of use. However, most systems do not measure water use by category so the amount of water used in the commercial, industrial, and domestic categories was estimated. For this report, most estimates were verified by telephone conversations with the water-system managers.
The use of water delivered by permitted public-supply systems in the Kentucky River basin is listed in table 8. The per capita use was determined by dividing the average domestic use by the population served by the system. Leakage or public use was estimated if unknown. Domestic plus commercial and industrial use will not equal total withdrawals because leakage and public use is not shown in table 8. figure 4 . Permittees are listed alphabetically in each hydrologic unit. The source and amounts of water withdrawn are listed for each facility.
Self-supplied industrial water users in the basin withdrew about 5.8 Mgal/d during 1988. Most of these systems have adequate sources of water during drought conditions. Of those industries where drought-susceptibility classes were determined, only one industry had the potential for droughtrelated water-availability problems. Drought classes could not be determined for seven industries because adequate hydrologic data were unavailable. Evaluation of Self-Supplied Commercial Water Users Self-supplied commercial water users are listed alphabetically in table 10 and their locations are shown in figure 5 . The source and amounts of water withdrawn are listed for each facility.
Seven self-supplied commercial facilities averaged withdrawing about 0.5 Mgal/d of water during 1988. Drought classes could be determined for only two of the commercial facilities because adequate low-flow data were not available. Treatment plant capacities were adequate for all the self-supplied commercial users that had treatment plants. The water withdrawn by Ski Butler, Inc. does not require treatment because it is used for snowmaking. Figure 5 , Self-supplied commercial water users and data sites,
SUMMARY
Sources of water for public-water suppliers and self-supplied industrial and commercial water users were mostly adequate throughout the Kentucky River basin. The drought susceptibility evaluations indicated that three publicwater suppliers are likely to have water-supply shortages during drought conditions. Systems likely to have shortages included the Kentucky-American Water Company--the largest public-supplier in the basin, Georgetown Municipal Water, and Stanford Water Works. These systems are considering options for responding to potential water shortages. No permitted self-supplied industrial or commercial water user was likely to have a water-supply shortage during drought situations. Several systems could not be evaluated for susceptibility to drought because streamflow or ground-water data were not available at the point of withdrawal.
Inadequate treatment plant capacities could present a problem for five public-water suppliers in the basin during periods of increased water demand. During 1988, the average withdrawals were near or greater than 80 percent of capacity at Danville City Water Works, Hyden-Leslie County Water District, Manchester Municipal Utilities, Owenton Water Works, and Versailles Municipal Water. Each of these systems has taken action since 1988 to either increase their treatment plant capacity or plan to do so, or have arranged to purchase additional water during shortages.
Inventory results indicated that 54 systems, with permits to withdraw at least 10,000 gal/d, withdrew more than 86.4 Mgal/d in the Kentucky River basin during 1988. There were 31 public-water suppliers with permits that withdrew about 80 Mgal/d. Of this amount, about 8.2 Mgal/d was purchased by 39 permit exempt public-water supply systems. In all, 70 public suppliers furnished water to more than 554,000 people or 84 percent of the population in the basin. Average domestic per capita use was estimated to be 72 gal/d. Public-water suppliers delivered an estimated 50 percent of their withdrawals or almost 40 Mgal/d to domestic uses, 22 percent or 17.7 Mgal/d to commercial facilities, and about 7 percent or 5.9 Mgal/d to industries. The remaining 21 percent (16.8 Mgal/d) of the public-supplied deliveries included public uses such as fire fighting and losses in the distribution system. In addition, there were 16 self-supplied permitted industrial users with total average withdrawals of about 5.8 Mgal/d and 7 self-supplied commercial users that withdrew a total of about 0.5 Mgal/d.
